BRCA1 is a breast and ovarian cancer tumor suppressor protein that associates with BARD1 to form a RING͞RING heterodimer. The BRCA1͞BARD1 RING complex functions as an ubiquitin (Ub) ligase with activity substantially greater than individual BRCA1 or BARD1 subunits. By using NMR spectroscopy and site-directed mutagenesis, we have mapped the binding site on the BRCA1͞BARD1 heterodimer for the Ub-conjugating enzyme UbcH5c. The results demonstrate that UbcH5c binds only to the BRCA1 RING domain and not the BARD1 RING. The binding interface is formed by the first and second Zn 2؉ -loops and central ␣-helix of the BRCA1 RING domain, a region disrupted by cancer-predisposing mutations. Unexpectedly, a second Ub-conjugating enzyme, UbcH7, also interacts with the BRCA1͞BARD1 complex with similar affinity, although it is not active in Ub-ligase activity assays. Thus, binding alone is not sufficient for BRCA1-dependent Ub-ligase activity.
T he breast and ovarian cancer tumor-suppressor protein BRCA1 has been implicated in a variety of cellular processes such as transcriptional regulation, cell-cycle control, and the cellular response to DNA damage (1) (2) (3) (4) . Consistent with such functional diversity, Ͼ30 protein partners for BRCA1 have been reported and BRCA1 has been found as a component in at least four distinct macromolecular complexes (1, (5) (6) (7) (8) (9) . The best characterized BRCA1 interaction involves the complex formed with BARD1 (10, 11) , a protein that also interacts with CstF-50, an mRNA polyadenylation factor (12, 13) . In vivo, BRCA1 and BARD1 colocalize in nuclear dots during S-phase of the cell cycle and in nuclear foci that form in response to DNA damage (14, 15) .
BRCA1 and BARD1 each contain a C-terminal BRCT domain and an N-terminal RING domain. The RING domains govern the tight association between the two proteins through the formation of an extensive four-helix-bundle dimerization interface (16) . Formation of the BRCA1͞BARD1 complex is important for their mutual stability in vivo (17, 18) , their proper nuclear localization (19) , and for maximal ubiquitin (Ub)-ligase (E3) activity (17, 20, 21) . The demonstration that the BRCA1 RING domain functions as an E3 is of particular importance given the central role of ubiquitination for eukaryotic cell viability. Defects in ubiquitination affect a host of cellular processes including cell-cycle progression, cell differentiation, apoptosis, the response to DNA damage, DNA repair, and transcriptional regulation (22) (23) (24) .
Many cellular processes rely on polyubiquitination as a signal for programmed protein destruction. Proteins tagged with a Lys-48-linked polyUb chain of four or more subunits are destined for proteosomal degradation. Ubiquitination may also serve as a regulatory signal governing protein trafficking or activity (22) (23) (24) . Monoubiquitination plays a role in the regulation of histones, endocytosis, and retroviral budding (24) , whereas Lys-63-linked Ub chains have been found to function in DNA repair, endocytosis, ribosome function, and the stress response (23) . Recent results suggest that BRCA1 promotes the formation of non-Lys-48-linked Ub chains, implying that BRCA1-mediated ubiquitination may function as a regulatory signal (20, 21) . Although the in vivo substrate (s) is not yet known, BRCA1 has been observed to undergo autoubiquitination and is capable of monoubiquitinating histones 2A and 2AX in vitro (20, 25) , consistent with a role in DNA repair. In addition, a connection between BRCA1 and the monoubiquitination of the Fanconi anemia protein, FANCD2, has been suggested, based on colocalization studies and the similarity of mutant phenotypes in response to ionizing radiation (26) .
All ubiquitination pathways share common steps that require the action of a Ub-activating enzyme (E1), a Ub-conjugating enzyme (E2), and an E3 (22) . Generally, eukaryotic cells contain a single type of E1, multiple E2s, and a large number of E3s (27) . BRCA1 belongs to the subset of RING-domain proteins that facilitate Ub transfer reactions and comprise the largest class of recognized Ub ligases (28, 29) . The isolated BRCA1 RING domain is active in substrate-independent polyubiquitination reactions (25, 29) . However, formation of the BRCA1͞BARD1 complex dramatically enhances this activity (17, 20, 21) . E3s are thought to facilitate ubiquitination by binding both an activated E2ϳUb complex and the target substrate. Clues to factors that govern macromolecular assembly and activity of RING E3͞E2 complexes are beginning to emerge from various mutagenesis studies (17, 20, 25, 30) , and structural studies on systems such as cCbl and CNOT4, in addition to BRCA1 (31, 32) . BRCA1, however, is unusual among RING E3s in that a complex formed between two heterologous RING domains is required for maximal activity (17) .
To define the roles each RING subunit plays in orchestrating Ub-transfer reactions, we have mapped the interactions between BRCA1͞BARD1 and the E2 UbcH5c using NMR spectroscopy and mutagenesis. UbcH5c has been demonstrated to function in concert with BRCA1 in vitro (17, 29) . NMR is well suited for delineating such protein interactions: protein chemical shifts are highly sensitive to environment, so chemical-shift perturbations that occur on addition of a partner protein are a sensitive indicator of residues involved in the binding interface (33) . NMR titrations of BRCA1͞BARD1 heterodimer and UbcH5c reveal that UbcH5c interacts only with the BRCA1 subunit of the RING E3 complex. The UbcH5c-binding surface on BRCA1 is composed of residues in the first Zn 2ϩ -loop, the second Zn 2ϩ -loop, and the central helix of the RING. The binding interface was confirmed by comparing the Ub-ligase activity of BRCA1 mutants altered specifically at the UbcH5c-binding interface. Unexpectedly, similar NMR experiments using the E2 UbcH7 revealed binding to the BRCA1 subunit with similar affinity and in the same region as UbcH5c. However, UbcH7 does not function with BRCA1 in substrate-independent ligase activity assays. Thus, binding of an E2 to an E3 protein is necessary, but is not sufficient for catalytic activity. BRCA1(1-304), His 6 -BARD1(14 -189), His 6 -UbcH5c, and His 6 -UbcH7] were identical to those described (17, 34, 35) . Plasmids used for the bacterial coexpression of His 6 -BRCA1(1-112) and BARD1 were based on PET28N and pCOT7N expression systems (generous gift of Michael Wittekind, BristolMyers Squibb). BRCA1 point mutations were introduced by site-directed mutagenesis (Stratagene).
Materials and Methods
Bacterially coexpressed His 6 -wt-BRCA1͞BARD1, His 6 -I26A-BRCA1͞BARD1, His 6 -UbcH5c, and His 6 -UbcH7 used for NMR studies were produced in BL21͞DE3 bacteria grown on either rich LB medium or minimal M9 medium supplemented with [ 15 N]ammonium chloride (Isotec). Proteins were purified by using Ni 2ϩ -affinity chromatography, according to the manufacturer's instructions (Sigma). His 6 -tags were removed from BRCA1͞BARD1 heterodimers by thrombinolysis, according to the manufacturer's instructions (Novagen). Final purification was achieved by gel-filtration chromatography on a Sephacryl S100 column (Amersham Pharmacia) equilibrated with 25 mM sodium phosphate buffer, pH 7.0, with 0.15 M NaCl. All other proteins were purified as described (17, 34) .
Ub-Ligase Activity Assays. Details of immunoprecipitate Western blot and Ub-ligase activity assays are described in Hashizume et al. (17) . Spectra were processed and analyzed by using NMRPIPE (36) and NMRVIEW (37) .
Results

Mapping the Binding Interface for UbcH5c on the BRCA1͞BARD1
RING-Domain Heterodimer. In an NMR titration experiment, one protein component is labeled with an NMR-sensitive nucleus (i.e., 15 N), whereas the titrant is unlabeled. Successive NMR spectra are recorded with each protein addition. This approach is particularly suited to study weakly interacting systems that are often difficult to study by other techniques that measure binding. To map the surface of the heterodimer that binds UbcH5c, BRCA1 and͞or BARD1 were labeled with 15 N in one of two ways: (i) the BRCA1 and BARD1 subunits were expressed and purified individually (34, 35) or (ii) the heterodimer complex was purified directly from a bacterial coexpression system. As previously reported, bacterial overexpression of BRCA1(1-112) or BARD1(1-115) alone results in the formation of inclusion bodies and requires refolding of the heterodimer complex. This method has the advantage that NMR-active nuclei can be incorporated selectively into only one subunit of the heterodimer, simplifying interpretation of NMR spectra. Alternatively, coexpression of subunits provides simultaneous labeling of each subunit. In this case, a soluble complex is expressed at high levels, which makes it easily purified without a refolding step. Both methods yield BRCA1͞BARD1 RING domain heterodimers with identical 1 H- 15 N TROSY spectra that are fully active in Ub-ligase activity assays (see below). Significantly, no resonances in BARD1 are perturbed by UbcH5c. Thus, UbcH5c binds only to the BRCA1 subunit of BRCA1͞BARD1 RING complex. Mapping the affected residues onto the 3D structure of BRCA1 (Figs. 2 and 3A) reveals that they delineate a contiguous region on the surface of BRCA1. These residues are located in the first Zn 2ϩ -binding loop (residues [23] [24] [25] [26] [27] [28] [29] , the second Zn 2ϩ -binding loop (residues 58-68), and the central helix of BRCA1 (residues 46-53), structural elements that form a pronounced cleft on the surface of BRCA1 (16) . The cleft to which UbcH5c binds is similar to surface features, which are found on the RING domains cCbl and CNOT4, RING proteins that interact with UbcH7 and UbcH5b, respectively (31, 32) . In addition, several resonances from residues outside the cleft are significantly perturbed. These resonances correspond to residues in the C terminus of the BRCA1 RING domain (A102 and S104) and residue K20 at the bottom of the helical bundle. Effect of Single-Site BRCA1 Mutants on Ub-Ligase Activity. A number of single-site mutations in the BRCA1 RING domain have been found in breast and ovarian cancer patients (see Breast Cancer Information Core; www.nhgri.nih.gov). The mutations genetically linked to the development of breast and ovarian cancer (i.e., C24R, C39S͞Y, C44F, C47G͞F, C61G, and C64G͞R͞Y) target residues that ligate the Zn 2ϩ ions critical to the structure of the RING domain (16) . In a previous study (38) , we found that mutation of site II Zn 2ϩ -binding ligands (i.e., C39, H41, C61, and C64) alters the stability of the second Zn 2ϩ -binding loop. Residues in this loop form a major portion of the UbcH5c binding cleft (Fig. 2) . Other single-site mutations have been observed in breast and ovarian cancer patients, but have not yet been directly linked to the onset of disease. Two such mutations, L52F and L63F, occur in residues whose resonances are perturbed by the binding of UbcH5c. Therefore, we introduced these mutations into the RING domain of BRCA1 to assess their impact on the Ub-ligase activity of the BRCA1͞BARD1 heterodimer. Site-specific BRCA1 mutations were also introduced to corroborate the UbcH5c-binding interface delineated by the NMR chemical-shift mapping.
Ub-ligase assays were initially performed with BRCA1͞ BARD1 immunocomplexes isolated after transient transfection in 293T cells. Consistent with earlier results (17, 18) , BARD1 stabilizes BRCA1 in vivo. No BRCA1 protein was isolated in the absence of BARD1 (Fig. 4 A and B, lane 1) , whereas in its presence the heterodimer is readily formed and exhibits significant ligase activity (Fig. 4A, lane 3) . Mutations within the first or second Zn 2ϩ -binding loops of BRCA1 result in a significant reduction or abrogation of activity (i.e., I26A, L28A, C27A, C61G, L63F, C64G͞Y, and K65A), whereas mutations within the central helix (i.e., K45R, L51A, L52F, and K55A) have modest or no effect. A102R, which lies on the C-terminal end of the RING domain, has full activity, although the A102 NH resonance is significantly perturbed on binding of UbcH5c (see above). A102 may not be directly involved in the interaction with UbcH5c, but, rather, it may move to accommodate binding. Mutations outside the UbcH5c-recognition site (K32A, P34A, S36A, and T37A) did not alter ligase activity.
Mutation of BRCA1 Zn 2ϩ -liganding residues (C27, C39, H41, C44, C61, and C64) abrogate Ub-ligase activity. Inspection of Fig.  4B shows that most of these BRCA1 mutations (C27, C39, C44, C61, and C64) alter the ability of BRCA1 to form complexes with BARD1 in vivo. A notable exception is H41A, in Zn 2ϩ site II, which clearly forms heterodimers with BARD1. This Zn 2ϩ site is critical for maintaining the structure and stability of the second Zn 2ϩ -binding loop of BRCA1 (16, 38) . Thus, this mutation is consistent with other second Zn 2ϩ loop mutations that define this region as important in BRCA1-UbcH5c interactions.
Several BRCA1 mutations shown in Fig. 4A , including L28A and L63F, appear to have reduced activity relative to the wild-type complex. Stability of the complex formed in vivo may influence the amount of BRCA1͞BARD1 heterodimer isolated and, thus, the observed activity. To control for differences in protein concentration, His-tagged BRCA1 and BARD1 proteins were purified and assayed for ligase activity (Fig. 4C) . The BRCA1͞BARD1 complex (Fig. 4C, lane 3) shows substantial activity, whereas the isolated subunits (Fig. 4C, lanes 1 and 2) show little or no activity. As before, mutation of critical Zn 2ϩ -liganding residues (C24A, C39A, C44A, and C61G) abrogates ligase activity. In addition, mutations in either the first (I26A and L28A) or second (L63F) Zn 2ϩ -binding loops abolish activity, whereas mutations in the central helix (L51A and L52F) have modest to no effect. The activity of L28A and L63F, which show reduced activity relative to wild type (Fig. 4A) , is lost in the bacterially expressed proteins. Fig. 4D shows that the wild-type BRCA1͞BARD1 RING heterodimer used for the NMR-titration experiments has nearly the same activity as those of heterodimers that are made from larger constructs [i.e., BRCA1(1-304) and BARD1(14-189)]. Some weak Ub-ligase activity is observed for the isolated BRCA1(1-304) subunit (Fig. 4D, lane 2) . Observation of such activity generally requires longer reaction times and͞or autoradiograph exposures. This weak activity may be similar to that reported for other isolated BRCA1 preparations (25, 29) .
Productive Versus Nonproductive E2 Binding to BRCA1. In cases where mutations in BRCA1 do not disrupt BRCA1͞BARD1 heterodimer formation, loss of ligase activity may be caused either by loss of binding or by nonproductive binding of the E2 to BRCA1. To distinguish these possibilities, an NMR-titration experiment was conducted with BRCA1͞BARD1 heterodimer in which Ile-26 of BRCA1 was changed to Ala. Ile-26 was targeted because its NH resonance is the only crosspeak that disappears completely on the first addition of UbcH5c, suggesting an important role for I26 in E2 recognition and binding. The corresponding residue in cCbl (Ile-383) makes direct contact with UbcH7 in the cocrystal structure (31) . Similarly, NMR titrations have identified the corresponding residue in the CNOT4 RING finger (Leu-16) as important for UbcH5b binding, and mutation to Glu or Ala abolishes Ub-ligase activity (32) . The data presented herein (Figs. 1 and 4A , lane 4, and 4C, lane 5) demonstrate that I26 is critical to BRCA1 function as mutation to Ala abolishes Ub-ligase activity.
The BRCA1 I26A mutant is readily isolated as a heterodimer in our bacterial coexpression system, consistent with the coimmunoprecipitate results (Fig. 4B, lane 4) . Its 1 H- 15 N TROSY spectrum shows that the mutation results in only modest chemical shift perturbations in the BRCA1 RING motif. Resonances arising from residues in the BARD1 subunit or in the 4-helix-bundle dimerization interface show little or no change (Fig. 5) . Resonances from the I26A BRCA1͞BARD1 complex could be assigned by direct comparison with the wild-type spectrum. The exception (Fig. 5) is the residue 26 resonance, which is significantly shifted in the 15 N dimension. Titration of UbcH5c into I26A BRCA1͞BARD1 shows that even after the addition of one equivalent of UbcH5c, there is only a minor shift in the residue 26 resonance with all other resonances remaining unperturbed. Thus, the BRCA1 I26A mutation does not hinder heterodimerization with BARD1, but nearly abolishes the ability of BRCA1 to bind UbcH5c. This property makes the mutation potentially useful for distinguishing BRCA1-dependent Ub-ligase activity from other BARD1-dependent functions in vivo.
The ability of UbcH7 to interact with the BRCA1͞BARD1 heterodimer was also examined. In general, Ub-conjugating enzymes share a core of Ϸ150 residues that are highly similar in both sequence and structure (27) . UbcH5c and UbcH7 share substantial sequence similarity (37% identity, 60% similarity) particularly in the regions that mediate binding to E3 ligases. Structural and mutagenesis studies (30-32) on a number of E2s have identified these regions as the first ␣-helix, loop L1, and loop L2 of the E2 protein (aligned below). Despite the sequence and structural similarity between UbcH5c and UbcH7 in these regions, only UbcH5c is functional in BRCA1-mediated substrate-independent Ub-ligase assays (ref. 17 and data not shown).
NMR-titration experiments (Fig. 1B) clearly show that UbcH7 binds to the BRCA1 subunit of the BRCA1͞BARD1 heterodimer. Similar to UbcH5c (compare Fig. 1 A and B) , UbcH7 causes a subset of BRCA1 subunit resonances to broaden and disappear. BARD1 resonances are not affected. The interaction between the heterodimer and UbcH7, like UbcH5c, is in intermediate exchange on the NMR time scale under the conditions used. Although only a rough measure of binding, this behavior suggests that UbcH5c and UbcH7 bind to BRCA1 with similar affinities. Substantially weaker binding would likely manifest as fast-exchange behavior in the NMR experiment, whereas substantially tighter binding may be manifest in the appearance of new NMR peaks in the so-called slow-exchange regime. These arguments assume that the UbcH5c and UbcH7 residues that interact with the BRCA1 subunit are similar with no difference in the nature or number of aromatic side chains. The sequence alignments, shown above, are consistent with this working assumption. In addition, we have recently mapped the reciprocal binding surfaces on UbcH5c and UbcH7 and have found that they use the same structural elements for binding to BRCA1 (unpublished data).
Mapping the UbcH7-induced chemical shift perturbations onto BRCA1 (Fig. 3B) shows that UbcH7 binds to the same surface cleft as UbcH5c. However, close comparison of the UbcH7-and UbcH5c-induced intensity and chemical-shift changes reveal some clear differences (Figs. 1 A and B and 6 ). Fig. 6 highlights intensity changes from representative residues (I26 in Zn 2ϩ -loop I, L51 and N54 in the central helix, and L63 and K65 in Zn 2ϩ -loop II). In general, UbcH5c causes larger perturbations in Zn 2ϩ -loop I, the central helix, and in the C-terminal residues (A102 and S104) of residues in the BRCA1 NMR titration of 15 N-labeled I26A BRCA1͞BARD1 with UbcH5c. Shown is an overlay of expanded regions of 1 H-15 N TROSY spectra of 15 Nlabeled wild-type (black spectrum) and I26A BRCA1͞BARD1 heterodimer in the presence of 0 (red spectrum) and 1.0 (blue spectrum) equivalent of unlabeled UbcH5c.
subunit. UbcH7 causes larger changes in Zn 2ϩ -loop II of BRCA1, whereas little or no effects are observed for resonances of C-terminal residues (A102 and S104) and the four-helixbundle (i.e., K20). A comparison of all measurable resonances can be seen in Fig. 8 , which is published as supporting information on the PNAS web site.
Discussion
RING finger proteins that function as E3 Ub ligases tend to be classified into two broad categories: complex and simple. Complex RING E3s exist as small subunits in large macromolecular complexes, for example, the complex of ROC1 or Rbx1 with Skp-1-Cul1-F-box (SCF) (39, 40) . Simple RING E3s are generally one domain within a larger protein, such as is found in cCbl (31). BRCA1 does not easily fit into either category. As demonstrated herein and elsewhere, the substrate-independent polyubiquitination activity is markedly dependent on complex formation with the RING domain of BARD1. This RING E3 complex is unusual in that it contains two RING fingers instead of only one, raising the question of the role of each RING in Ub-chain formation.
The NMR data presented clearly demonstrate that only the BRCA1 RING interacts with E2 proteins. The binding interface lies within a surface cleft formed by the first Zn 2ϩ -loop, the second Zn 2ϩ -loop, and the central helix. A similar surface cleft, formed by the same RING structural elements, is recognized by UbcH7 on binding to the cCbl RING finger. Across the family of RING finger proteins, the segment between the third and fourth pairs of Zn 2ϩ ligands varies considerably, containing from 5 to 48 residues. The sequence and structure of this segment is undoubtedly a critical determinant for Ub-ligase activity. In this segment, BARD1 has five fewer residues than BRCA1, no central helix, and no surface cleft, and does not bind UbcH5c or UbcH7. Thus, mutation of Zn 2ϩ -liganding residues in BARD1 has a lesser effect on the Ub-ligase activity of the heterodimer (refs. 17 and 21, and Fig. 9 , which is published as supporting information on the PNAS web site) than the corresponding mutations in BRCA1, which abolish activity. In addition, changes in activity caused by BARD1 mutations can generally be correlated with a reduced ability to heterodimerize with BRCA1 (21) .
What then is the function of BARD1? One possibility is that BARD1 stabilizes the conformation of BRCA1 required for E3-ligase activity. There are few contacts between the two RING motifs in the structure of the BRCA1͞BARD1 heterodimer (16) . Thus, heterodimerization is unlikely to alter either RING motif, as the structure of this region is primarily dictated by folding around the Zn 2ϩ ions. Instead, interaction between the two subunits occurs primarily by means of flanking helices, which combine to form the four-helix-bundle dimerization interface (Fig. 2) . Therefore, it is likely that BARD1 stabilizes an active conformation of BRCA1 by properly positioning the BRCA1 RING relative to its dimerization helices. § Consistent with this proposal, mutations in BARD1 that affect dimerization with BRCA1 significantly reduce or abolish BRCA1-mediated Ub-ligase activity (21) . Alternatively, BARD1 could be involved in the recognition and binding of appropriate protein targets for ubiquitination. Although target candidates for BRCA1-mediated ubiquitination have been suggested, the in vivo substrates are not known. Potentially, binding of target proteins could occur anywhere along the full-length proteins in the BRCA1͞BARD1 complex. In any case, the minimal BRCA1͞BARD1 RING domain is sufficient for substrate-independent polyUb-chain formation (Fig. 4D) . Thus, individual molecules of Ub can be considered as substrates in this reaction. In this context, it is surprising that we see no interaction of free Ub with BARD1 or BRCA1 in NMR experiments (unpublished data).
Several mammalian E2 proteins have been screened for activity in BRCA1-dependent ligase reactions, including UbcH2, Cdc34, UbcH5b, UbcH5c, UbcH7 (17, 29) , and UbcH6 (data not shown). Only UbcH5b and UbcH5c exhibit substrateindependent activity in conjunction with BRCA1. Remarkably, we find that UbcH5c and UbcH7 both bind to BRCA1, on the same surface cleft, and with roughly similar affinities. We have also mapped the reciprocal binding surfaces on UbcH5c and UbcH7 and find they use similar structural elements, but the perturbations are more extensive on UbcH5c (data not shown). The observations raise the question of what determines an active E2͞E3 pair. The patterns of NMR perturbations observed, although similar, are not identical. On the first addition of UbcH5c (0.125 eq) the NH resonance of BRCA1 Ile-26 in the first Zn 2ϩ -binding loop nearly disappears. In contrast, the crosspeak for Lys-65 in the second Zn 2ϩ -binding loop disappears on addition of an identical amount of UbcH7. Furthermore, UbcH5c binding perturbs more resonances corresponding to residues in the BRCA1 central helix and in the C terminus of the RING domain (residues 102 and 104); UbcH7 is nearly silent with respect to the same BRCA1 C-terminal residues. The role of these residues in UbcH5c binding is not clear. Although close to the C terminus in our minimal construct, these residues are structured in solution and interact with residues on the exposed face of the four-helix bundle. It is possible that they are directly involved in binding to UbcH5c, whereas they do not recognize UbcH7. However, mutation of Ala-102 to Arg has essentially no effect on the Ub-ligase activity of BRCA1. An alternative § Ideally, we would like to compare the interaction of E2s with BRCA1 in the absence and presence of BARD1; however, the properties of the isolated BRCA1 RING domain are not amenable to NMR studies. possibility is that these residues must move to accommodate the binding of UbcH5c. These observations suggest that proper orientation between E2 and E3 may be a critical element for Ub-ligase activity.
Our results show that a single residue change on the UbcH5c-recognition surface of BRCA1 is sufficient to severely decrease or abrogate the Ub-ligase activity of BRCA1͞BARD1. The most effective mutations involve residues in the two Zn 2ϩ -binding loops; mutation of residues in the central helix of the BRCA1 RING retain activity. This finding is in contrast to the E2͞E3 pair of UbcH5͞cCbl, where mutation of Trp-408 to Ala in the central helix of cCbl abrogates activity (41) . In the cocrystal structure of cCbl-UbcH7, Trp-408 contacts UbcH7 loop L1 residue Phe-63 (31). As shown above, loop L1 is highly conserved between UbcH5c and UbcH7, including Phe-63. However, mutation of the BRCA1 residue that is structurally analogous to Trp-408 in cCbl (i.e., L51A) does not abolish the activity of the BRCA1͞BARD1 complex. L51A had a more pronounced effect on the much weaker activity of the isolated BRCA1 RING domain (25) . On the other hand, both proteins have a structurally equivalent Ile residue in the first Zn 2ϩ -binding loop, a feature shared by many RING finger proteins. In BRCA1 and other RING fingers, the integrity of this residue is critical for Ub-ligase activity and may represent a general determinant for E2 recognition and binding. This finding has important implications for functional studies, at least for BRCA1, as mutation of Ile-26, unlike mutations of Zn 2ϩ -liganding residues, does not disrupt the overall structure of the BRCA1 RING domain, or prevent interactions with other protein partners such as BARD1.
Given the high degree of similarity in both sequence and structure of the E2s UbcH5 and UbcH7, it is not surprising that they both bind to BRCA1͞BARD1. The interaction between BRCA1͞BARD1 and UbcH5c, as well as the cocrystal of cCbl͞UbcH7, may be thought to represent an E2͞E3 product complex present after Ub has been transferred and the target protein has diffused away. In this respect, the two systems differ substantially. The interaction between cCbl and UbcH7 is very strong, as demonstrated by the ability to cocrystallize the complex. This tight binding pair, however, is inactive in Ubtransfer reactions (N. Zheng and C. Joazeiro, personal communication). In contrast, UbcH5c interacts weakly with the BRCA1 RING domain and such interactions are unlikely to be detected by binding assays such as coimmunoprecipitation. Weak interactions in the product complex may be necessary for turnover and Ub-chain elongation. It is possible that appropriate target proteins and͞or the presence of conjugated Ub on the E2 increase the affinity and specificity of this macromolecular enzyme complex. Further characterizations that include these additional molecular components will surely reveal additional insights into the determinants of BRCA͞BARD1-mediated ubiquitination.
